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ABSTRACT 
We have studied direct top quark production and single top quark production through 
anomalous flavor changing chromomagnetic moments. We find that it is possible to 
detect anomalous flavor changing chromomagnetic moments of the top quark using di­
rect top quark production if the charm quark coupling strength is larger than /c^/A > 
.062 TeV~^ at Run 2 of the Tevatron, or larger than Kc/\ > .0084 TeV~^ at the LHC. 
or if the up quark coupling is laxger than k^/A > .019 TeV~^ at the Tevatron or larger 
than Kii/A > .0033 TeV~^ at the LHC. Single top quaxk production cannot measure 
couplings as smail, but may still be of use since it has a related process within the stan-
dajd model, which will be studied. .A. deviation of this measurement from the standard 
model may point toward flavor changing couplings of this type. 
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1 INTRODUCTION 
Why do We Study Particle Physics? 
Paxticle physics has recently come under attack from politicians concerned about the 
large budgets the particle accelerators require, and from the public, who see no benefits 
to offset the huge expense. VVhy then do we who axe involved in the study of high energy 
interactions continue to feel that the projects are worthwhile? 
In spite of the image of a huge pork barrel associated with particle physics, there are 
tangible benefits to studying these interactions. The engineering challenges involved in 
building such large accelerators are immense. Huge super-conducting magnets needed 
to be researched, designed, and built for the Super-conducting Super Collider(SSC). 
Even though the coUider was never completed, much of the research was done. The area 
around the collision point in any collider is highly radioactive, and electronics capable 
of withstanding this environment axe needed. Even computer science gets a boost, as 
huge amounts of data must be taJcen, processed, and stored by computer systems. 
Although the side benefits of particle physics research axe significajit, the scientists do 
not study the field for this reason. While other branches of physics axe going about the 
useful and important work of exaxnining and describing such things as super-conductors, 
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atomic nuclei, and galaxies, particle physicists are continuing the grandest tradition of 
physics. We axe seeking the final theory, the one hypothesis which, in its simple and 
elegcint form, contains all of physics. While others study complexity, we search for 
simplicity. This quest is what draws many, including myself, to this field. 
Why then do we need particle accelerators to study particle physics? Can't this work 
be done another way? In short the answer to this question is ao, we caimot study particle 
physics without particle accelerators. A weU known principle of quantum mechanics, 
known as the de Broglie relation, along with the rules of wave motion, prohibits such 
study. Particle physics is paxtially concerned with the discovery of new forms of matter, 
and the forces that join them together, .\toms and molecules combine to malce up 
everyday matter. Protons, neutrons, and electrons combine to form atoms. Quarks 
combine to form protons and neutrons. Each step further brings smaller and smaller 
particles to go along with greater and greater simplicity. 
The de Broglie relation asserts that all matter moves in a wavelike motion, and that 
the momentum (and hence the energy) of a particle is a function of the wavelength of 
this motion, 
p = r 
Now, it is a general result of wave optics, especially dif&action, that a wave is not 
dif&acted by a particle that is smaller than its wavelength. Stated another way, the 
diffraction of a wave is not affected by structures smaller than its wavelength. We may 
treat a straightedge as precisely straight when we diffract visible light past its edge, but 
if we use a shorter wavelength of light, we must inspect that straightedge for defects. 
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perhaps even arising from the atoms that mstke it up. Therefore, if we wish to examine 
extremely small paxticles, we need extremely small wavelengths for our probes. Since 
a particle's momentum is inversely proportional to it's wavelength, we need extremely 
high momenta to examine these structures. 
For example, when viewed with visible light, normal matter appears as if it were a 
continuous solid. Only when we view matter with a higher energy probe (such as an 
electron microscope) are atoms resolved. When viewed with still higher energy, such 
as alpha particles from nuclear decay, the nucleus becomes visible. StiU higher energies 
allow us to look inside the nucleus to see the protons and neutrons. And. at even higher 
energies, we see the quarks that maice up the protons and neutrons. 
By increasing the energy, we have also discovered new forms of matter, that do not 
exist at lower energies. Along the way, we have discovered muons and pions and lambda 
particles that we never knew existed before we increased the energy of our probes. 
These new particles have pointed the way towards new symmetries, and our theories 
have become ever more elegcint as a result. 
As we probe even higher energies, will we see some new form of matter that makes 
up quarks? WiU we see some unexpected particles which wiU make clear what is now-
obscured? One thing is clear, at every step along the way, our theory wiU become ever 
more powerful and elegant, bringing us closer to the dream of a final theory^. 
^.A.pologies to Steven Weinberg for stealing his beautiful phrase 
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Phenomenological Lagrangians 
The purpose behind phenomenologiccd Lagrangians is to parameterize, in a model 
independent way, some or all of the low energy behavior of a higher energy theory. In 
order to do this, we write down all of the possible interactions (operators) of known 
particles and assign to each a form factor. In principle, there are an infinite number of 
such interactions as the number of initial and final state particles axe not fixed. The 
dimension of an operator is the sum of the mass dimensions of all of the factors in the 
operator. Since a Lagrangian must be dimension four^, the form factor assigned to a 
higher dimension operator must itself contain mass dimensions. This mass dimension 
(often denoted by A) is usually factored out of the form factor and is often assumed to 
be the scale at which new physics explicitly appears in the Lagrangian. 
It is commonly assumed that the so called "higher dimension" operators axe small, 
as the operator is a function of some coupling strength, a divided by A. This coupling 
should be small compared to A or the phenomenological theory may have theoretical 
problems, such as nonimitaxity. Therefore, any above dimension six or so are usually 
omitted. The following is an example of a term which might be included in a phe­
nomenological Lagrangian: 
a(g^) -
J^phmom = CTj^C b-f^b. (1.2) 
The form factors, in principle, may be calculated from a higher energy theory (one 
whose new particles have mass > A) via loop corrections at low energy, or may be 
"We often confuse the Lagrangian and the Lagrangian density. See .Appendix A for details about 
the mass dimension of the Lagrangian. 
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used eis they are to calculate observables as a function of these form factors. Since 
we have no clear indication of what the nature of the theory at higher energy is. it is 
the latter use that we axe mostly concerned with. Generally, even removing the higher 
dimension operators from the phenomenological Lagrangian leaves fax too many degrees 
of freedom to be useful as an experimental tool. Often, maxiy of the remaining form 
factors axe removed by considering only those that obey a certain symmetry, or interact 
with certain particles. For example, one coxild consider only those form factors which 
leave CP invariant and involve the top quark. In addition, the form factors are sometimes 
asstmied to be independent of the energy scale of the process. 
The phenomenological Lagrangian written down in this manner is known to be aon-
renormalizable. Since it is widely believed that axiy theory representing reality must 
be renormalizable, phenomenological Lagrangians are not considered to be the final 
theories in themselves, but are merely low energy approximations of some unknown high 
energy theory. Nevertheless, it is possible to calcidate higher order corrections using 
phenomenological Lagrangians. Because of the non-renormalizability, the ultraviolet 
poles in the matrix element do not cancel out. As a non-rigorous approximation, we 
may replace those poles with an ultraviolet cutoff, commonly assimied to be proportional 
to lii(^), where A is the scale of new physics, and /z is the mass scale of the process being 
examined. The result, while it cannot be considered a rigorous prediction, may be used 
as axi estimate of the first order correction. 
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A Model for Flavor Changing Chromomagnetic Top Quark Mo­
ments 
The form of the phenomenological Lagrangicm that we used for our study was moti­
vated by several factors. First, and most important, was the recent discovery of the top 
quark[l, 2] at a mass of 175 GeV. This mass is significant for two reasons. First, it is 
•35 times larger than the bottom quark, which is its weak isospin partner and the next 
heaviest quark. No other weak isospin doublet has such a huge mass splitting. Second. 
175 GeV is almost exactly equal to where v is the vacuum expectation value of the 
Higgs boson. The mass of the top quark is related to the electroweak symmetry break­
ing scale, indicating that new top queirk physics may be related to the Higgs potential. 
In the SM the mass of the fermions is given by m, = where A,- is the coupling 
strength of the Higgs boson to the fermion. For the top quark then, this coupling is 
nearly equal to one. Atop ~ 1- Why is the top quark alone in having this significant mass? 
It's significance maJces the top quark sector an ideal place for beyond the standard model 
corrections to appear. We have decided to limit the operators in our phenomenological 
model to those which contain the top quark. 
Beyond this requirement, we needed to choose an operator whose contribution would 
not be dwarfed by the processes of the standard model. Flavor changing neutral cur­
rents arising from higher order corrections of the standard model are extremely small[3], 
and cannot be observed at any planned or existing collider. A measurement of flavor 
changing neutral currents is thus a clear signal of physics beyond the standard model. 
An additional bonus is given by the fact that the backgrounds to the processes which 
could measure this type of vertex must mimic the top quark. Given the laxge mass, this 
is not an easy thing to do, and thus the background will be significantly reduced. 
There are four different neutral currents in the standard model, corresponding to 
exchange of a photon, a boson, a gluon, and a Higgs boson. Others are considering 
flavor changing couplings to the photon[7, 13], the boson[8, 11, 13], and the Higgs 
boson[6, 9]. We have chosen to focus on the flavor chemging couplings of the gluon to 
the top quark. Others have also worked on this coupling[10], including several of my 
collaborators [5]. 
We further limited the form of our operators by insisting that they be gauge invariant, 
and CP conserving. The gauge invaxicince leaves QCD unbroken, and the CP odd terms 
do not significantly enhance the cross section. Once all of these requirements are met. 
we are left with two possible operators: 
+ B.C.,  (1,3) 
and 
+ H.C., (1.4) 
where A is the new physics scale, /Cc and define the strengths of the couplings, = 
dfiGl — is the gauge field tensor of the gluon, and is the strong 
coupling constant. 
As we describe in .A.ppendix A, the procedure for finding the Feynman rules is equiv­
alent to t&iiing the derivative of the interaction Lagrangian with respect to the fields. 
So, we can write the Feynman rules for our phenomenological Lagrangian as follows: 
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= 9s-^>^^qu(T'"', (1.5) 
9 KQsm \  a i/LL 
• _2 c rabc \ c —M" i9s -^J A cr'^ , 
(1 .6)  
(1-7) 
:i-8) 
There has been some work done on this Lagrangian, mostly for the charm qucLrk 
terms, finding limits upon the coupling parameter through the non-obser\-ation of top 
quark decays into a charm quark or gluon [5], and from the fact that higher order 
processes such as 6 —>• 57 [4] do not deviate from the standard model. In Ref. [5] the 
authors derive a limit by examining the measured branching fraction, BF(i —>• bW), and 
assuming that ajiything that does not result in a b quark and a W boson results in a 
charm quark and a gluon through our coupling. The l<r lower limit to BF{t —> bW) then 
implies an upper limit to BF{t cg)^ giving aji upper limit to the coupling parameter 
A < 0.95 TeV . Though they didn't consider a. t ug decay, it is relatively easy 
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to insert into the limit. Examining the formula for t —y eg decay, we see that simply 
replacing «:<. by gives the proper contribution from t ug. Thus, from top 
quaxk decay, we can place the limit < 0.95 TeV~^ 
In addition to the limits that have already been placed, there are several aew signals 
that can be explored. The most intuitive is to search directly for t —¥ eg and t —r ug 
in tt production. This signal suffers from the relatively small tt cross section. Without 
a large sample of top quarks, this process is of limited utility. However. GERN's Large 
Hadron Collider (LHC) may produce enough tt pairs to mcike this a useful process to 
study. 
A second possibility is the production of single top quarks. This process proceeds 
through four separate channels: qq —>• tc. gg —>• tc. eg —> tg. and cq —> tq. There are 
also equivalent processes involving the up quark. At first glance, it would seem that 
the processes involving the charm quark in the initial state are negligible compared to 
the other processes because of the fact that the fraction of charm quarks in the proton 
is so small, compared to the valence quarks and gluons. However, this turns out not 
to be the case. When the Feynnriann diagrams are written down, one notices that the 
processes with initial state charm quarks involve a massless t-chaimel gluon exchange. 
This exchange is well known to significantly increase the cross section of these processes. 
Therefore, we cannot neglect these processes, and when such a process involves an up 
quark in the initial state it actually dominates the other contributions. (Since the up 
quark is a valence quark, a large percentage of the proton is composed of up quarks.) 
In ref. [10] the authors have studied this possibility. They have limited themselves 
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to the study of the chaxm quaxk vertex only, and also have limited themselves to the 
Tevatron only. In our study of this subject, presented in Chapter 3. we wiU extend their 
results to include the up quark coupling, and also to include Run 2 at the Tevatron 
(which has a slightly higher energy and a much higher luminosity than Run 1) and the 
LHC. The major difference between the two works is the fact that we considered aU of 
the possible contributions to the single top quark production cross section, while the 
authors of ref. [lOj only considered the qq —¥ tc channel. They justified this by placing 
a cut upon Mtc which is equivalent to a cut on y/I, in order to reduce the background 
from other processes. For laxge values of this cut, there are many more valence quaxks 
in the proton than gluons and sea quarks, and they concluded that the other processes 
could not significantly contribute to the cross section. We do not maJse this eissumption. 
and we will argue for a completely different set of cuts. Nevertheless, the authors claim 
that their cuts would discover this vertex if ^ > 0.4 TeV~^ 
Another possibility is to examine direct top quark production. In single top quark 
production, the top quark was always accompanied in the final state by another non-top 
quark jet. In direct top quark production, this associated jet is absent. This process 
proceeds through a charm quark and a gluon in the initial state combining directly to 
produce a top quark, eg —>• t. There is also a process involving the up quark in the 
initial state. Even though the eg t process suffers from the same lack of charm quarks 
in the proton as in the single top quark processes, direct top quark production is an 
order process, where as single top quaxk production is order q;^( The lack 
of the additional Qj enhances direct top quark production relative to single top quark 
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production by a factor of 10. This more than compensates for the lack of chaxm 
quarks in the proton. This possibility is studied in Chapter 2. 
This coupling would etlso affect ti production through diagrams like cc it with a 
t or u channel gluon. This process suffers the same lack of charm quarks in the proton 
as the other process, but it must suffer it twice, making it unlikely that this process 
would ever be seen. There are diagrams like uu it with a t or u chaimel gluon. These 
are much more likely. However, when one considers that they are of order it 
becomes clear that these processes are unlikely to probe the small values of ^ that can 
be probed with other techniques. 
One last process that is interesting to us is double top quark production, proceeding 
through a process like cc —)• tt. This process has no equivalent in the standard model, 
since it relies on flavor changing neutral currents to produce it. The corresponding 
diagram with up quarks in the initial state is more likely to be seen. This process also 
has the extremely rare signature of two top quarks in the final state, rather than a top 
quark and an anti-top quark. .A.gain though, the cross section depends upon (•^)"*. This 
suppression is so significaiit that even this otherwise promising signal is of no use in 
finding a limit to j. 
Dissertation Orgcinizatioii 
Chapter 1 is this introduction, which includes a short introduction to particle physics, 
a brief description of phenomenological Lagrangians, and a description of our model. 
Chapter 2 is a paper published in Phys. Rev. D56, 5725 on the subject of direct top 
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quaxk production. Chapter 3 is a paper, prepared for submission to Physics Review D, 
on single top quaxk production. Chapter 4 contains the conclusions. I have also included 
axL appendix on field theory, and an appendix discussing the Monte Caxlo techniques used 
in our study. 
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2 DIRECT TOP QUARK PRODUCTION AT HADRON 
COLLIDERS AS A PROBE OF NEW PHYSICS 
A paper published in Physical Review D56. 5725 (1997) 
M. Hosch, K. Whisnant, and B.-L. Young 
Abstract 
We examine the effect of an anomalous flavor changing chromomagnetic moment 
which allows direct top quark production (two partons combining into aji unaccompanied 
single top quark in the s-channel) at hadron coUiders. We consider both t-c-g and t-
u-g couplings. We find that the anomalous charm quark coupling parameter «c/A can 
be measured down to .06 TeV'~^(.009 TeV'~^) at the Tevatron with the Main Injector 
upgrade(LHC). The anomalous up quark coupling paxameter k^/A can be measured to 
.02 TeV-^(.003 TeV'-') at the Tevatron(LHC). 
Introduction 
With the discovery of the top quark [1, 2], the long anticipated completion of the 
fermion sector of the standard model has been achieved. Its unexpected large mass 
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in compaxison with the other known fermions suggests that the top quark may play a 
unique role in probing new physics, and has prompted both theorists and experimenters 
alike to search for anomalous couplings involving the top quark. On the experimental 
side, the CDF [3. 4] and DO [5] collaborations have begim to explore the physics of top 
quark rare decays [3]. On the theoretical side, a systematic examination of anomalous 
top quark interactions, in a model independent way. has been actively undertaken[6. 7]. 
One possible set of anomalous interactions for the top quajk is given by the flavor-
chajiging chromo-magnetic operators: 
+ h.c. ,  (2.1) 
and 
+ h.c.. (2.2) 
where .V is the new physics scale, and «:„ define the strengths of the couplings, 
is the gauge field tensor of the gluon, and is the strong coupling constant. The 
investigation of these couplings is well motivated. Although these operators can. be 
induced in the standard model through higher order loops, their effects axe too smail to 
be observable[8]. Therefore, any observed signal indicating these types of couplings is 
direct evidence for physics beyond the standard model. 
It has been argued that the couplings in Eqs. (1) and (2) may be significant in many 
extensions to the standard model, such as supersymmetry (SUSY) or other models with 
multiple Higgs doublets [8, 9, 10, 11], models with new dvnamical interactions of the top 
quark[12], and models where the top quark has a composite[13] or soliton[14] structure. 
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In paxticular, Ref. [10] suggests that the supersymmetric contributions to a t-c-g vertex 
may be large enough to measure at a future hadron collider. 
T. Han et. al.[15| have placed a limit on the top-charm-gluon coupling strength. «c, 
by examining the decay of the top quark into a charm quark and a gluon. They find 
that an upper limit on KC/A of .43(.6o) TeV~' with(without) b-tagging for 200 pb"*^ of 
data can be measured at the Tevatron. If the c and u jets are not distinguished, their 
resrdt applies equally weU to k^/K. if one uses the up quark coupling alone, or to the 
sum, added in quadrature, when both are considered. 
In this paper, we will examine these operators in a model independent way using 
direct top quark production at the Fermilab Tevatron and at the CERN LHC. In this 
scenario, a charm (or up) quark and a gluon from the colliding hadrons combine imme­
diately to form an s-channel top quark, which then decays. The production of a single, 
unaccompanied top or anti-top quark is very small in the standard model. We wiU take 
as our signal only the case where the top quark decays to a b quark and a W boson. 
While the t eg (or ug) decay wiU occur in the presence of the anomalous couplings 
given in Eqs. (1) and (2), it is smaller than the t —> bW decay for K/A ~ .75 TeV~^, 
and will have a negligible branching ratio for k/A ~ .2 TeV~^. Given the existing upper 
bound of the anomalous coupling mentioned earlier [15], t —f bW will be the dominant 
decay mode of the top quark. Since the W boson decay into a charged lepton (electron 
or muon) and its corresponding neutrino has an identifiable signature, we consider only 
the t bW —)• blui decay for our signal. With the decays so chosen, we find that the 
backgroimds are manageable, as will be discussed in detail later. 
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c. u 
9 
Figure 2.1 Feynmann diagram for direct top quark production and subse­
quent decay into hlvi. 
Direct Top Quark Production 
We have calculated tree level cross sections for direct top quark production, pp -¥ 
t —)• —¥ bl'^ui. using the flavor-changing chromomagnetic moments in Eqs. (1) and 
(2) (see Fig. 2.1). The in this process is either a positron or aa anti-muon. and 
ui is its corresponding neutrino. We also included direct anti-top quark production in 
our calculation {pp -^t—¥ bW~ —> bl~17i). The parton cross section for direct top (or 
anti-top) quark production is given by: 
dcr = , (2.3) 
where the spin averaged squared matrix element is 
ITJP = "'(-1 ^(P' • f") • P') + • P')] ,, ,, 
3 sin^ A2 ((. _ ^2)2 ^ - M?-)' + ' 
«Lre the 4-momenta of the outgoing b quark, lepton, and neutrino respectively, 
<lc{u),g ajfe the 4-momenta of the inconoing charm(up) quark and gluon, Fw is the decay 
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width of the W boson. 
rt = rt_».6w 1 + 
3a , ( l - ^ ) ' ( l +2 i ^ )  
l28M^a, (2.5) 
is the decay width of the top quark, including the anomalous contribution for t —¥ eg 
(or t —y ug). is the standard model top quark decay width to a 6 quark and W 
boson. 
pajton center of mass energy. 
As mentioned earlier, we considered only the caise which has a charged lepton (muon 
or electron) in the final state, to identify the W boson. Compared to the hadronic decay 
mode of the W, the background for these processes is smaller and the signal is not as 
hard to identify. In order to examine the kinematics of the decay products, we cedculated 
the full three body phase space for the process, using the Breit-Wigner propagators to 
broaden the top quark aiid W boson distributions. Figure 2.2 shows the cross section at 
the Tevatron and LHC as a function of K/A. In the top quark decay width, we included 
an additional term arising from t c{u)g, as shown in Eq. (5). This term is proportional 
to |«/Ap and contributes significantly to the top quark width only if «:/A ~ 0.2TeV~^ 
One can see the effect of the additional channel for top quark decay, which decreases 
the t —>• bW branching ratio and causes a noticeable deviation from quadratic behavior 
for «/A ~ 0.2 TeV"*^. (For «/A ~ 0.2 there is a deviation from the straight line that one 
would expect on a log-log plot if the cross section scaled quadratically.) 
(2.6) 
is the invariant mass squared, not necessarily on shell, of the W boson, and \/J is the 
19 
10000 
Run 2 (chaxm) 
Run 2 (up) • • • 
LHC (chaxm) 
LHC (up) • • • -
1000 
100 
a (pb) 
0.1 
0.01 
0.001 
0.0001 
le-05 
0.001 0.01 0.1 1 
Figure 2.2 Direct top quaxk cross section vs. /c/A at Riin 2 of the Tevatron 
and the LHC. The cross sections for Run 1 of the Tevatron axe 
barely distinguishable from Run 2, and are not shown here. 
We calculated the pp (for the Tevatron) and pp (for the LHC) cross sections for direct 
top quaxk production with the MRS A structure functions [16]. We have also examined 
the effect of using the CTEQ3M [17j structure functions. The difference between the 
two sets of structure functions is small. Several distributions were calculated, including 
the traxisverse momenta, the pseudorapidities, the jet separation, from the lepton, and 
the reconstructed \/I. 
In order to reduce the W +1 jet backgroimd, we made a series of cuts, which we will 
call the basic cuts, on the kinematic distributions. They axe: 
PT{bJ,i/i) > 25 GeV , 
rib < 2.0 , 
(2.7) 
(2.8) 
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m < 3-0 , (2.9) 
AH > 0.4 , (2.10) 
where rjb^i axe the pseudorapidities, Ai? = — rji)^ + (©4 — 01)^ is the separation 
between the b jet and the chajged lepton in the detector, and are the azirauthal 
angles. We also aissumed a Gaussian smearing of the energy of the final state particles, 
given by: 
AE/E = 30%/y/EQl%, for leptons , (2.11) 
= 80%/'\/jB © 0%, for hadrons , (2.12) 
where © indicates that the energy dependent and independent terms are added in 
quadrature. 
To enhance the signal relative to the backgroimd, we want to make cuts on y/l, which 
should be sharply peaked at rrit for the signal. To experimentally determine y/1, one 
must reconstruct pt — Pb + pi + Pv, • The neutrino is not observed, but its transverse 
momentum can be deduced from the missing transverse momentima. The longitudinal 
component of the neutrino momentum is determined by setting = Mw in Eq. (6), 
and is given by: 
X P L  ± yJ^ix^-PriPr.,) 
PL —-2 . (2-13) 
PTI 
where 
X = ^+?1-P?. (2.14) 
and PL and pr refer to the longitudinal and transverse momenta respectively. Note that 
there is a two fold ambiguity in this determination. We chose the solution which would 
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best reconstruct the mass of the top quark. In some rare cases, the queintity under the 
square root in Eq. (13) is negative due to the smearing discussed above. When this 
happened, we set this square root to zero, and used the corresponding result for the 
neutrino longitudinal momentum. 
Background Calculation 
The main source of background to the direct top quaxk production is pp —>• 1 jet. 
Another background process is standard model single top quark production when the 
associated jets are not observed. Examining the data presented in Ref. [18], we conclude 
that single top quark production is less than 1% of the W + 1 jet backgroimd when b-
tagging is not used. When b-tagging reduces the W ^ 1 jet background by a factor of 
100, the single top quaxk background may be as large as 20% of the toted background. 
However, since the discovery Umit on k/A scales as B~^ where B is the number of 
background events, a 20% change in the background affects the discovery limit by only 
5%. We therefore ignore this background. 
We used the VECBOS Monte Carlo [20] to calculate the cross section for the W^+1 jet 
backgroimd. We modified the program to produce the same distributions that were cal­
culated for the signal, and applied the same basic cuts used in the signal calcTilation, 
Eqs. (7-10). To determine additional cuts which optimize the discovery limits on k/A, 
we examined the kinematic distributions in y/I, pr, tj, and AE. We foxmd that three dis­
tributions, y/I, pTb, and Tji, were most useful in isolating the signal from the background. 
These are shown in Figs. 2.3, 2.4, and 2.5, with the charm quark in the initial state and 
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Figure 2.3 -v/s distributions for the (a) basic ajid (b) optimized cuts without 
b-tagging at the upgraded Tevatron. The solid line represents 
the direct top quark production(A:c/A = 0.2 TeV"'^). The dotted 
line is one thousandth of the W + I jet background. 
Kef A = 0.2 TeV for the upgraded Tevatron. The solid lines represent direct top quaxk 
production, and the dashed lines represent the W + I jet background divided by 1000. 
The cuts were optimized for each of four cases: Run 1 at the Tevatron with pp collisions 
at y/s = 1.8 TeV and 100 pb""^ of data per detector, Run 2 with y/s = 2.0 TeV aind 
2 fb"'^, Run 3 with 2.0 TeV and 30 fb"'', and the LHC with pp collisions at 14 TeV and 
10 fb"*^. The optimized cuts axe shown in Table 2.1. The corresponding distributions 
with the up quark in the initial state are not shown; they have the same shape as for 
the charm quark, but are a factor of ten larger in magnitude, due to the much larger 
size of the valence up quark distribution in the initial state. 
To further reduce the background, we assimied that silicon vertex tagging of the b 
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Figxrre 2.4 prb distributions for the (a) basic ajid (b) optimized cuts without 
b-tagging at the upgraded Tevatron. The solid line represents 
the direct top quark production(«:c/A = 0.2 TeV~^). The dotted 
line is one thousandth of the W + 1 jet background. 
Table 2.1 Optimized cuts for direct top quaxk production. 
ECM. {PTb^min ( v'jjmm (Y^)MAX {jll)max 
Run 1 1.8 TeV 35 GeV 155 GeV 205 GeV 1.8 
Run 2 2.0 TeV 45 GeV 160 GeV 205 GeV 1.0 
Run 3 2-0 TeV 45 GeV 160 GeV 205 GeV 1.0 
LHC 14.0 TeV 35 GeV 165 GeV 195 GeV 1.0 
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Figure 2.5 rji distributions for the (a) basic and (b) optimized cuts without 
b-tagging at the upgraded Tevatron. The solid line represents 
the direct top quark production(/Cc/.A. = 0.2 TeV"^). The dotted 
line is one thousandth of the W +l jet background. 
jet woxild be available, with 36% eflB.ciency at Run 1 of the Tevatrcn, and 60% at Runs 
2 and 3, and at the LHC. In addition, we assumed that 1% of all non-b quark jets would 
be mistagged as b quark jets. 
When b-tagging is present, if the jet produced is mistaken as a b jet. it remains 
a part of the background. The background can. be reduced by a factor of ICQ if the 
W + 1 jet sample does not include a significant fraction of b quarks in the final state. 
It is possible to estimate the fraction of b quaxks in the + 1 jet sample by taking 
the ratio \Vcb\^l\V^\- and multiplying by the ratio of the distribution fraction of charm 
quarks to up quarks in the proton, .2 — .0G5(.7 — .05), in the momentum fraction region 
where most of the events occur for the Tevatron (LHC). We estimate that the fraction 
of b quark jets in the W + l jet background is less than .03%(.12%), much less than 
the anticipated mistagging rate of 1%. We therefore ignore the possibility of having b 
quarks in the W -{• l jet sample. Including b-ta^ging does not significantly affect the 
optimized cuts. 
Results and Discussion 
We can use the results of the signal and background calculations to determine the 
minimum value of Kc/A or Ku/A observable at hadron colliders. Assuming Poisson 
statistics, the number of signal events (S) required for discovery of a signal at the 95% 
confidence level is: 
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where B is the number of background events obtained by multiplyiag the background 
cross section by the luminosity and dividing by 100 if b-tagging is present. The luminos­
ity, backgroimd cross section, and signal cross section needed for discovery of anomalous 
flavor changing couplings is given in Table 2.2. The discovery limits may then be deter­
mined by compaxing the signal calculation for a given k/A to the signal needed, which 
can be obtained from Table 2.2. These discovery limits axe shown in Table 2.3. 
Because the charm and up quaxks axe in the initial state, their contributions to direct 
top quark production cannot be distinguished. A plot of the discovery limit when both 
Kc and Ku are assumed to be nonzero is show in Fig. 2.6. 
The results quoted in this paper all use the MRS A structure functions. When using 
the CTEQ3M structure functions, the direct top quark cross section increeises by 15% 
when the charm quark coupling is used, corresponding to a 7% decrease in the discovery 
limit for Kef A.. This is primarily due to a larger chaxm quark density in the proton 
with the CTEQ3M structure functions. The W -f 1 jet cross section does not change 
significantly, nor does the direct top quark cross section when the up quark coupling is 
Table 2.2 Signal needed for the discovery of anomalous t-c-g and t-u-g 
couplings at the Tevatron and LHC at 95% confidence level. The 
background cross sections use the optimized cuts described in 
Table 2.1. 
Luminosity background signal needed (fb) 
TeV fb"' fb w/o b-tag w/ b-tag 
Rim 1 1.8 0.1 19400 1370 190 
Rim 2 2.0 2 13000 245 27 
Run 3 2.0 30 13000 63 6.4 
LHC 14 10 79000 267 27 
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Table 2.3 Discovery limits ou «c/A (with, = 0) and k^/A. (with KC = 0) 
at the Tevatron and LHC. The results are reported in TeV~^. 
Tevatron LHC 
1.8 TeV 2 TeV 14 TeV 
b tagging? .1/6-^ 2fb-' 30/&-^ 10/6-' 
charm no .38 .14 .073 .020 
ves .22 .062 .030 .0084 
u quark no .096 .045 .023 .0081 
yes .058 .019 .0094 .0033 
0.1 -
•t I t I t 1 p 
Run 1. w/o btag 
0.01 
Run 1. w/ btag 
Run 2! w/6 Htae 
Run 3. w/o btag 
Run 2, w/ btag 
LHC, w/o btag 
.tHC, w/ btag 
Run 3, w/ btag 
0.001 
0.001 0.01 0.1 
Figure 2.6 Discovery limits for and for each of the colliders consid­
ered, for A = 1 TeV. 
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used. This difference reflects our lack of understajiding of the charm quark distribution 
in the proton. Ultimately, this effect will be part of the theoretical uncertainty to the 
measured value of KC-
We considered cases with and without b-tagging for each of the possibilities in Table 
2.3. With the exception of Run 1 at the Tevatron, b-tagging improved the discovery 
limit on «/A by 2.0 — 2.5 times. However, for the data from Rim 1 at the Tevatron, 
b-tagging improves the discovery limit by only 40%. This is mostly due to less efficient 
b-tagging, and to the smaller number of events available with a lower luminosity. 
In some single top quark production processes, there are regions of overlap between, 
for example, 2 —>• 1 subprocesses and 2 —>• 2 subprocesses. In particular, we worried 
about an overlap between the direct top quark production and the gluon fusion diagram 
in which one of the gluons is dissociated into a cc pair, and the c combines with the other 
gluon to produce a top quark. Care must be taken with these processes to avoid double 
coiinting. A systematic method exists for calculating a subtraction term which solves 
this diffictdty[18, 19]. The effect of the double coimting is most significaiit if the initial 
state particles are massive. In the case of direct top quark production due to anomalous 
t-c-g or t-u-g couplings, the initial state particles are light enough that this does not 
significantly affect the overall cross section. We have therefore ignored this effect in our 
calculation. 
Although the background due to single top quark production (a top quark with an 
associated jet) is small in the SM, there exists also the possibility for single top quark 
production with the anomalous t-c-g (or t-u-g) coupling [21], e.g. via qq —> tc {qq —>• tu). 
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Lf the jet associated, with the top quark is not seen, this would enhance the direct top 
quaxk signal due to the anomalous coupling. Therefore, the discovery limits quoted in 
Table 2.3 axe conservative estimates of the level to which «/A may be probed. A full 
treatment of single top quark production due to the anomalous t-c-g and t-u-g couplings 
will be considered elsewhere. 
In conclusion, we have calculated the discovery limits for the anomaJous chromomag-
netic couplings t-c-g and t-u-g in hadron colliders using direct production of an s-channel 
top quark. We conservatively estimate that an anomalous charm quark coupling can be 
detected down to KC/A = -06 TeV~^ at Run 2 of the Tevatron, and .009 TeV~^ at the 
LHC. The cross section for the anomalous up quark coupling is larger, and we can mea­
sure k^/A down to 0.02 TeV"'^ at Run 2 of the Tevatron, and 0.003 TeV~^ at the LHC. 
The discovery limits for the upgraded Tevatron are approximately two (six) times better 
than those obtained in Ref. [15] for KJA (K-^/A). The relative size of the direct top 
quark production and the anomalous top quark decay rate will help to differentiate the 
t-c-g and the t-u-g couplings. 
Finally, we note that, in Ref [10], the authors found that electroweaic-like corrections 
in a supersymmetric model can give Br(t —>• eg) as large as 1 x 10"' for the most favorable 
combinations of the parameters. In terms of our anomalous coupling parameter, this 
corresponds to k^/A = 0.0033. If supersymmetry is the only source for the anomalous 
t-c-g coupling, our calculations therefore indicate that future improvements at the LHC 
will be needed to make this a detectable signal, unless QCD-like corrections [9] further 
enhance the SUSY contributions, as discussed in Ref. [10]. 
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3 ANOMALOUS FLAVOR CHANGING COUPLINGS AND 
SINGLE TOP QUARK PRODUCTION AT HADRON 
COLLIDERS 
A paper to be submitted to Phys. Rev. D. 
T. Han. M. Hosch, K. Whisnant. B.-L. Young, and X. Zhang 
Abstract 
If there is new physics associated with the top quark, a possible avenue for its realiza­
tion is the anomalous coupling of the top quark to gluons. In particular anomalous flavor 
changing couplings have a very clear signal that is not available in the standard model. 
We use single top quaxk production to limit the strength of the possible anomalous cou­
pling. In particular, we find that the anomalous coupling strength for a top-charm-gluon 
coupling strength may be measured to KC/A = 0.092TeV~^ at Run 2 of the Tevatron 
with 2 fb~^ of data and KC/A = O.OlSTeV"^ at the LHC with 2 fb~^ of data. Simi­
larly, the anomalous top-up queirk-gluon may be measured to /Cc/A = 0.026TeV~^ at the 
Tevatron and KC/= 0.006lTeV~^ at the LHC. 
34 
Introduction 
Since the discovery of the top quaxk at the Tevatron[L 2], there has been considerable 
interest in exploring the properties of the top quaxk. Its unusually large mass maices 
it an ideal place in which to probe for beyond the standard model physics, and has 
already given rise to considerable exploration of anomalous couplings of the top quark. 
A systematic examination of these couplings is currently being undertaken[3, 4, 5, 6. 7]. 
One promising avenue for this exploration is through single top quark production. 
It's unique signal (one top quark jet accompanied by a non-top qusurk jet) implies that 
background processes will be small, and a small signal will easily be seen. In Standard 
Model single top quaxk production[16] the accompanying jet will almost always be a 
bottom quark jet, allowing us to reduce the already small background through the use 
of b vertex tagging. In flavor changing neutral current theories, the accompanying jet 
need not come from a bottom quark. We can therefore use b-tagging, along with the 
kinematic distributions to separate the Standard Model processes from the non-standard 
model processes. 
A possible set of anomalous interactions is given by the flavor-changing chromo-
magnetic operators: 
+ h.c., (3.1) 
and 
h.c. , (3.2) 
where A is the new physics scale, and define the strengths of the couplings, is 
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the gauge field tensor of the gluon, and QS is the strong coupling constant. The search 
for flavor-changing neutral interactions is well motivated. .Although such interactions 
can be produced by higher order terms in the Lagrangian. the effect is too small to 
be observable. Any signal indicating these types of couplings is therefore evidence of 
physics beyond the standard model. 
It has been suggested that couplings of this tj^je may be large in many exten­
sions to the standard model, especially in models with multiple Higgs doublets such 
as supersymmetry[8, 9. 10. 11]. Models with new dynamical interactions of the top 
quark[12] and models where the top quark has a composite[13] or soliton[14] structure 
also contribute significantly to this coupling. 
In this paper, we will examine the effect of these operators upon single top quark 
production at the Tevatron and LHC. We wiU consider only those processes which lead 
to a lone top (or anti-top) quark and one associated jet. There axe four different sub-
processes which lead to this final state, depending upon the initial state of the system. 
They are: qq -r tc. gg —>• tc, cq{q) tq{^). and eg —)• tg. .A.ssociated processes which 
replace the charm quark with the up quark are also considered, as well as single anti-top 
quark production. While the t c[u)g decay will occur with our anomalous couplings, 
it becomes negligible when k/Is. is smaller than about 0.2 TeV~^ Since it will be possible 
to probe to this limit, and since the t bW —>• blui provides a much more identifiable 
signal, we will choose pp i + j bli/i + j to be our signal. 
A limit on the size of the anomalous coupling parameter K / A  can be placed by 
examining the branching ratio of the top queirk, as measured at CDF and D0[15]. Since 
36 
the Standaid Model top quark decays into a W boson and a b quaxk nearly 100% of the 
time, a deviation of the branching ratio from unity may indicate the presence of new 
physics. By looking for t c{u)g decays, the coupling paxameter K/A may be measured 
down to .43 TeV""^. 
A search for direct top quaxk production (a top quark jet without axi accompanying 
jet) may also place a more stringent limit upon the size of the anomalous coupling 
parameter[17]. This procedure relies on its extremely rare signal, and on the large 
fraction of gluons in the initial state to boost its signal relative to the background. The 
up quaxk operator has the additional bonus that its other initial state particle is a \'alence 
quark. Combined with b-tagging (of the top quaxk decay products) this provides nearly 
ideal conditions for measuring the anomalous coupling paxameter. Using this process. 
KC/A can be measured to .062TeV~^ at Run 2 of the Tevatron with 2 fb~^ of data, and 
to .0084TeV~'^ at the LHC with 10 fb~^ of data. k^/A. can be measured to .019TeV~^ 
at the Tevatron, and to .0033TeV~^ at the LHC. 
In ref.[18], the authors studied the effect of the anomalous top-chaxm-gluon coupling 
on single top quaxk production at the Tevatron. They found that «c/A can be measured 
to .4TeV~'^ at Rim 1 of the Tevatron using this process. We wiU revisit their prediction 
and extend it to the anomalous up quark coupling and also examine both couplings at 
the LHC. 
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Single Top Quark Production 
We have calculated the tree level cross sections for single top quark production at 
hadron colliders using the flavor changing chromomagnetic couplings described above. 
We also included single anti-top quark production in our calculation. There eire four 
sepajate processes leading to single top quark production with flavor changing moments, 
qq tc, gg —>• tc, qc -> qt{qc ft), and gc —>• gt. The differential cross sections for 
these processes axe long and are not very illuminating. They will not be presented here. 
We considered only the case where the top quark decays into a b quark and W boson, 
and the W decays into an electron or muon and it's neutrino. The other possible decay 
modes [t eg ot t bW bqqf) are harder to identify, and have larger backgrounds 
associated with them. We assumed that the top quark was on mass shell when we 
calculated the decay process. The cross section at the Tevatron and at the LHC is 
shown in figure 3.1 as a function of k/A.. In the branching ratio of the top quark to 
b + W. we included an additional piece arising from t —?• eg. This term is proportional 
to j/c/Ap and appreciably affect the branching ratio only if k/A. ~ 0.2. 
We calculated the pp (for the Tevatron) and pp (for the LHC) cross sections using the 
MRSA structure functions[19]. Several distributions were calculated, including trans­
verse momenta, pseudorapidities, jet-jet and jet-lepton sepaxations, the invariant mass 
of the b quark and W boson and the center of mass energy (-v/I). 
In order to reduce the background, we made a series of cuts on the kinematic distri-
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Figure 3.1 Single top quaxk production cross sections vs. /c/A at Run 2 
of the Tevatron and at the LHC. The solid and short dashed 
lines axe for the chaxm quaxk and the up quaxk at Run 1 of the 
Tevatron respectively. The long dashed and dash-dotted lines 
axe for the chaxm and up quaxks at the LHC. Run 2 of the 
Tevatron was not plotted, as it is neaxly indistinguishable from 
the cross sections for Run 1. 
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butions. These we will call the basic cuts. They are: 
PTib-j\Liy) > 15 GeV (3.3) 
T ] { b , j , l )  <  2.0 (3.4) 
> 0.4 (3.5) 
where axe the pseudorapidities, Ai?i2 = yivi ~ ^2)^ + (©1 — 02)^ is the sepaxation 
between two of the tracks in the detector, and 01,2 are the azimuthaJ angles. ^Rjj is the 
sepaxation between the b jet and the associated non-b jet, and ^Rji is the larger of the 
sepaxation between the b jet and the lepton and the separation between the associated 
non-b jet and the lepton. We also assiuned a Gaussian smearing of the energ}-' of the 
final state particles, given by: 
^E/E = 30%/\/£©l%, for leptons , (3.6) 
= 8O%/-\/£0 5%, for hadrons . (3.") 
where S indicates that the energy dependent and independent terras axe added in 
quadrature. 
To further enhance the signal relative to the background, we need to make cuts on 
Mb,w, which should be sharply peaked at rrit for the signal. To experimentally determine 
one must reconstruct pt = P6 + Pi + Pui- The b jet is identified in this case by 
b vertex tagging. The neutrino is not observed, but its transverse momentum can be 
deduced from the missing transverse momentum. The longitudinal component of the 
neutrino momentum is determined by setting Mi^^i = Mw, and is given by: 
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where 
X — + Pr • ^ (3-9) 
and pi and pr refer to the longitudinal and transverse momenta respectively. Note that 
there is a two fold ambiguity in this determination. We chose the solution in which 
Mbw is closest to the mass of the top quaxk. If we did not have the option to vertex 
tag the b quark there would be an additional two fold ambiguity due to the uncertainty 
in determining which of the two quark momenta to use for pb when determining Mbw-
In some rare cases, the quantity xmder the square root in Eq. (8) is negative due to 
the smearing discussed previously. When this happened, we set this square root to zero, 
and used the corresponding restdt for the neutrino longitudinal momentum. This process 
artificially inserts a peak in the backgrotmd at Mbw = due to choosing the result 
closest to TUt without regard to its correctness. 
Background Calculation 
The major source of backgrotmd to flavor changing single top quark production is 
pp W + 2 jets. In standard model single top quark production, this background is 
hugely suppressed (by a factor of « 10000) by requiring a double b tag on the signal. 
Because of the flavor changing aspect of our signal, there is only a single b quark present, 
and we may only enforce a single b tag on our signal. This leads to a much smaller 
suppression of 2 jets (a factor of w 50). Standard model single top quark production 
and Wbb production axe also important backgroimd processes. 
We used the VECBOS Monte Carlo[20] to calciilate the cross section to 1^' + 2 jets 
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and IV + 66 background. V'ECBOS w«is not able to choose which of the two jets should 
be tagged as the b quark, or to form the M(,,w distribution variable (which we found to 
be critical to our analysis), so we modified the program to make the same cuts as used 
in the signal calculation, and also to produce distributions of the variables mentioned 
earlier. Our own Monte Carlo was used to calculate the standard model single top quaxk 
production. 
To isolate the signal from the backgroimd, we examined the the kinematic distribu­
tions in yi, Mb,w, PT-: We found four of the variables, Mb.w^ PTb, a^cl 
ARj[ to be especially useful in determining additional cuts which optimize the discovery-
limit in K/A. These distributions are shown in figures 3.2-3.5. 
We optimized the cuts for each of four cases. Runs 1, 2, and 3 at the Tevatron, and the 
LHC. Run 1 at the Tevatron is a pp collider with center of mass energy Ecm = 1.8 TeV 
and an integrated luminosity of 100 pb~^ per detector. Run 2 will have Ecm = 2 TeV 
and 2 fb~^ of data. Run 3 might have Ecm = 2 TeV and 30 fb~^ of data. The LHC will 
be a pp collider at Ecm = 14 TeV. and will have about 10 fb"'' of data. The optimized 
cuts that we found are shown in Table 3.1. 
To further reduce the backgrotmd, we asstuned that silicon vertex tagging of the b 
quark would be available, with an efficiency of 36% at Run 1 of the Tevatron, and 60% 
at Runs 2 and 3 and at the LHC. We also assxmied that 1% of non-b quarks would be 
mistagged as b quarks in all of the experiments. The actual mistagging rate may be 
significantly less than this, but is difficult to calculate. It may be measured in the usual 
way, by examining the difierence between tagged and untagged cross sections of some 
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Figure 3.2 Mf,w distributions after optimized cuts at Run 1 of the Tevatron. 
b-tagging has been included. The solid line represents the sum 
of all of the backgroimd processes, the long dashed line is the 
sum of the up quark processes, and the short dashed line is the 
sum of the charm quark processes. 
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Figure 3.3 prb distributions after optimized cuts at Run 1 of the Tevatroa. 
b-tagging has been included. The solid line represents the sum 
of all of the background processes, the long dashed line is the 
sum of the up quark processes, and the short dashed line is the 
sum of the chaxm quark processes. 
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Figure 3.4 distributions after optimized cuts at Riin 1 of the Teva-
tron. b-tagging has been included. The solid line represents the 
sum of all of the background processes, the long dashed line is 
the sum of the up quark processes, and the short deished line is 
the sum of the charm quaxk processes. 
4-5 
90 
PJl 80 
70 
b ^ 
•o 
30 
20 
5 2 3 4-0 1 
A R i i  
Figure 3.5 ^Rji distributions after optiraized cuts at Run 1 of the Teva-
tron. b-tagging has been included. The solid line represents the 
sum of all of the background processes, the long dashed line is 
the sum of the up quark processes, ajid the short dashed line is 
the sum of the charm quaxk processes. 
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Table 3.1 Optimized cuts for the discovery of j with single top quaxk 
production. For the LHG there are different cuts depending on 
whether we axe optimizing for the chaxm quark or the up quark. 
-^bW.max PTb.min ^Rjj.min •^Rjl,Tnin 
Tevatron.Run 1 150 GeV 200 GeV 35 GeV 1.0 0.4 
Tevatron.Rim 2 150 GeV 200 GeV 35 GeV 1.5 1.5 
Tevatron.Run 3 150 GeV 200 GeV 35 GeV 1.5 1.5 
LHC (charm) 145 GeV 205 GeV 35 GeV 1.5 1.0 
LHC (up) 150 GeV 200 GeV 30 GeV 1.5 0.4 
well known, but unrelated signal, and applied to other calculations. 
Results and Discussion 
We may use the results of the signal and background calculation to determine the 
mintrrmm values of Kc/A. and /c^/A that can be observed at 95% confidence level at the 
different coUiders. Since the signal is quadratic in /c/A, and since we have calculated the 
signal for k/A = 0.2TeV~\ the minimum value of K/A is given by: 
^ = 0.2 TeV-S 
|(1 + ^1 -f- |jC<Tb) 
^ 5 ^  ( 3 . 1 0 )  
JOCTQ 
where C is the integrated luminosity available, trj is the total cross section for all of the 
background processes after b-tagging, and CTQ is the cross section for the signal processes, 
evaluated at K/A = 0.2TeV~^. These discovery limits are shown in Table 3.2. 
The charm and up quarks have, so far, been treated separately, as if only one of the 
couplings could exist at the same time. This, of coxirse, is not the case. If the couplings 
do exist together, we may simply add the cross sections of the two different couplings 
together, since we have treated them in exactly the same manner (except for the LHC, 
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Table 3.2 The discovery limits on KC/A and «:„/A for each of the collider 
options discussed in the text. In both the chaxm and up quark 
cases, we eissumed that the coupling of the other type did not 
exist. 
Run 1 
Tevatron 
Run 2 Run 3 LHC 
(TeV) 
C  ( f b - ^ )  
{TeV-') 
KJA (TeV-') 
1.8 
.1 
.31 
.082 
2.0 
2 
.092 
.026 
2.0 
30 
.046 
.013 
14.0 
10 
.013 
.0061 
where we must calculate the chaxm and up quaxk contributions using the same cuts). 
A plot of their discovery limits, when considered together, is shown in Fig. 3.6. Indeed, 
barring charm quaxk tagging, there is no way that we could separated the two processes. 
Even with chcirm quark tagging, we could only tag the processes with the charm quaxk 
in the final state (gg —)• tc and gg —¥ tc), which are intrinsically smaller than the other 
available processes. Given the low eflBciency of charm quaxk tagging, the advantage of 
this method is dubious at best. 
In a previous paper[17]. we found the discovery limits for direct top quaxk produc-
tion(a single top quaxk, without any other associated jet). The limits we found were 
more strict than those we find here, and thus the discovery of our anomalous coupling 
would be easiest with direct top quark production. However, the processes presented 
here have an important competing process in the standard model. Much more time will 
be devoted to discovering and studying standaxd model single top quaxk production than 
direct top quaxk production. Thus, single top quark production is more likely to actually 
be the discovery channel for our anomalous couplings, should they exist at a strength 
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Figure 3.6 Discovery limits for K ^/A  vs. /c^/A for each of the colliders 
considered. The solid, short dcished. and long dcished lines are at 
Runs 1. 2, and 3 at the Tevatron respectively. The dash-dotted 
line is at the LHC. 
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which can be detected. The number of b-tags is an important difference between the 
standard model and anomalous single top quark processes, though. An effort to study 
single top quark production with only one b-tag would be required. 
In ref[18| the authors studied single top quark production through only one channel. 
qq tc. We have found this to be the least important of all of the channels. While 
it wotdd seem that the presence of initial state valence quarks ought to make this the 
dominant process, the massless t-channel exchange of a gluon in the eg tg process 
more than makes up for the lack of initial state valence quarks, and it becomes the most 
important process. Each of the other processes, cq —>• tq and gg tc. also have massless. 
or nearly mcissless, t-channel exchanges increasing their parton cross sections. We also 
note that the authors of ref[18] used a cut on the center of mass energy, \/s > -300 GeV, 
in order to reduce the background relative to the signal. Because of the dominance of the 
massless t-channel exchanges, the center of mass energy is now peaked at lower values, 
and this is no longer a useful cut. 
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4 CONCLUSIONS 
We have used the production of top quarks to explore the anomalous flavor changing 
neutral current discussed in chapter 1. Direct top quaxk production yields the tightest 
constraint on the coupling parameter. Single top quark production is also useful because 
it resembles the standard model top quaxk processes, so that our couplings may be 
discovered by experimenters looking at standard model single top quark production. 
The coupling parameters that can be measured axe shown in Table 4.1. 
One of the major concerns with this coupling is how to disentangle the contributions 
from the up quaxk and the chaxm quark. Because single top quaxk production includes 
diagrams with a different initial state than direct cop quark production, we ought to be 
able to measure both direct and single top quaxk production, which have different initial 
Table 4.1 The discovery limit for K / A .  for both single top quaxk production 
and direct top quaxk production. Values axe shown for each of 
the colliders considered. 
Direct Top Single Top 
/Ce/A (TeV-^) K J A  (TeV-^) /Ce/A (TeV-^) K J A  ( T E V - ^  
Tevatron.Run 1 .22 .058 .31 .082 
Tevatron.Run 2 .062 .019 .092 .026 
Tevatron.Run 3 .030 .0094 .046 .013 
LHC .0084 .0033 .013 .0061 
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states, and use the difference in these cross sections to separate the contributions of the 
different quarks. This turns out not to be possible, because the primary contribution 
to the single top quark cross section comes from c{u)g tg, which has the exact same 
initial state ais direct top quark production. 
It will be possible to disentangle the contributions if the couplings turn out to be large 
enough to measure their strength from top quark decays, t —>• c(u)5r[l]. In both single 
eind direct top quark production, the up quark coupling produces about ten times as 
many events as the charm quark coupling, due to the valence up quark in the initial state. 
However, in top quark decays, the charm and up quaxks are on an equal footing, and 
the top quark will decay into a charm or an up quark based solely upon their respective 
coupling strengths. Comparing the coupling strengths from these two different processes 
against what we expect from Monte Carlo simulations will allows us to solve for both 
KC/A and K-^/A simultaneously. 
It was briefly mentioned in the direct top quark chapter that the couplings we re­
ported were conservative estimates of the real couplings we expect to find. This is 
because single top quark production can look exactly like direct top quark production 
when the associated jet gets lost in the detector. This happens when the jet is coUinear 
to the beam, and goes down the beam pipe, or when the jet is soft, and doesn't have 
enough energy to be reconstructed. Because both single top quark production and di­
rect top quark production axe functions of the coupling strength, this process is part of 
the signal, not part of the background. However, the calculation of this contribution 
is nontrivial. An examination of the single top quark diagrams shows that several of 
55 
them contain a t channel gluon exchange, which is known to be divergent when the jet 
is collinear. There axe also several soft infrared singularities. 
In the single top quark calculation, we regulated these singularities by requiring a pr 
cut on all of the jets. This kept us well away from the singular region of the calculation. 
If we wish to calculate the single top quark contribution to the direct top quark cross 
section, must enforce the opposite condition, the px of the associated jet must be less 
than some cut. Therefore, we must deal with the various singularities in the calculation. 
This can only be done by calculating the next to leading order diagrams to direct top 
quark production, ajid using the result to cancel the infrared singularities in the single 
top quark calculation. Because the phenomenological coupling is not renormalizable. 
this procedure leaves us with ultraviolet divergences, which must then be dealt with. 
Generally this is done by cutting off the integral at the mass scale .A., where new physics 
alters the Lagrangian, making our coupling no longer valid. 
A final concern is about real models of this coupling. In the standard model, this 
coupling is very small, of order ~ 10"'' TeV~''[2]. Two Higgs doublet models 
increase this, depending upon the parameters of the model to ~ 10"^ TeV~^[2|. 
Supersymmetric models can enhance this coupling still further to KC/A ~ 10"^ TeV~^ 
for the most favorable combination of the parameters [3, 4|. Couplings of this size can 
be probed at the LHC. These coupling strengths all come from calculations of rare top 
quark decays, where the of the gluon is identically zero. However, in a real model, 
the derived coupling k/A would be a function of <7^. Therefore, production mechanisms, 
where ^ 0, might have an intrinsically larger coupling than decay mechanisms, where 
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= 0. In our calculation, we have completely ignored any substructure that the 
coupling might have and replaced it with a constant. The coupling strength is the same 
for production and decay mechanisms. We see that, though the decay rates do not bode 
well for measurement of K/A. this does not mean that a large coupling cannot be created 
by real models. 
In summary, it is possible to detect ajiomalous flavor changing chromomagnetic mo­
ments of the top quark using direct top quark production if the chaxm quark cou­
pling strength is larger than /c^/A > .062 TeV~^ at Run 2 of the Tevatron. or larger 
thein /Cc/A > .0084 TeV""^ at the LHC, or if the up quark coupling is larger than 
KU/A > .019 TeV~^ at the Tevatron or larger than «u/A > .0033 TeV~^ at the LHC. 
Single top quark production cajinot measure couplings as small, but may stiU be of use 
since it has a related process within the standard model. Even if the couplings axe not 
measured, placing an upper limit upon the coupling strength will nde out a region of 
phase space for such models as supersymmetry. 
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APPENDIX A QUANTUM FIELD THEORY 
Given a specific model, how do we construct our theory? The simple answer is that 
we apply quantum field theory to a Lagrangian. A Lagrangian is a function of position 
and velocity that contains the physics we are trying to study. The standard model 
Lagrangian contains almost all of the physics we know of today. The one exception, 
gravity, is not a part of the standard model because we have not yet discovered how to 
quantize it. I will say more about the standard model later. Other Lagrangians also 
exist. Some contain a subset of the standard model(e.g. Quantimi Electrodynamics 
which is the theory of electricity and magnetism), some contain new physics that we 
wish to examine (e.g. Supersymmetry which contains a symmetry that may or may not 
exist), or even physics that we know does not exist(e.g. 0^ theory which is a simple 
theory we use for teaching purposes, among other things). 
Quantimi field theory is fully relativistic quantum mechanics, and prescribes how to 
proceed from the Lagrangian to observable quantities such as the decay rate of a particle 
or its scattering cross section. 
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Classical Lagrangians 
In classical (non-quantum) theory, the Lagrangian is a single function describing the 
motion of a particle through space and time. The Lagrajigian is written as the kinetic 
energy minus the potential energy, L = T — V. The classical action is then written as 
5 = Ldt. Acting according to the principle of least action, we minimize 5. and the 
Euler-Lagrange equations result. 
dL d dL _ 
where qi{t) is the generalized position of the particle, and qi{t) = is its general­
ized velocity. The Euler-Lagrange equations axe the equations of motion of the system 
described by the Lagrangian. 
Cleissicai field theories, such as Classical Electrodynamics, can also be written in 
terms of in the Lagrangian formalism. In this case the fields are functions of position, 
as well as time, so we define the Lagrangian density. C. as S = jnC[<Pi.qi,^)d'^x. Here. 
0i is the field and = -^Oi is its derivative. The action has dimension where 
M is a mass dimension (e.g. kilograms), £ is a length dimension (e.g. meters) and T 
is a time dimension (e.g. seconds). It is common in pajticle physics to set c = = 1, 
relating the all dimensions to an energy dimension. Using these relations, M MeV, 
T MeV~^, and L —>• MeV~^. Thus, the action turns out to be dimensiordess when we 
set these constants to one. Examining the integrals defining the Lagrangian, we see that 
the Lagrangicin is dimension one. That is it contains one power of MeV. The Lagrangian 
densitv is dimension four. 
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Minimizing the action again leads to the Euler-Lagrange equations: 
dL d dC (A-2) 
doi doi,^ 
For field theor\', the Euler-Lagrange equations are the field equations of the theory. I 
will often omit the word density and refer to the Lagrangian density as the Lagrangian. 
Quantization 
Quantization proceeds most simply in the Hamiltonian formalism. To connect Hamil-
tonians with Lagrangians, define the momentum conjugate to Oii 
Tiix] = (A.3) 
aoi 
We can then define the Hamiltonian density: 
"tPi (-^*4) 
i 
Once we have written the Hamiltonian in terms of the conjugate momenta and posi­
tion, 7r,(x. t) and o,(x. t) respectively, we can easily quantize the theory by assxmiing the 
momenta and position are Heisenberg operators and writing the commutation relation 
for them: 
[<2>t-(x, t ) ,  7r_,(x', i)] = ih5ijS{x — x') (A.5) 
[©.•(x, 0, ©i(x', 0] = t ) ,  7rj(x', i)] = 0 (.A..6) 
These relations are valid for integer spin bosons. To represent the half-integer spin 
fermions, we simply replace the conmiutation relations in the equations above with 
equivalent anti-commutation relations. 
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A fully quantized theory must include the concept of particle creation and destruc­
tion. To include these in our Hamiltonian. we write the field in terms of an expajision 
of the free fields: 
0) = f d^k + 3iik)aUk)e-'''-^ (.\.7) 
where a|(k) creates a particle of type i and momentum k, a,(k) destroys a particle of 
type i and momentum k, and ai and /?,• are normalization constants. 
The Klein Gordon Field 
As and example of quantization, consider the Klein Gordon field, which represents a 
spin-zero neutral boson. Just as the Schroedinger equation in non-relativistic quantum 
mechanics was derived from the form of the non-relativistic energy, E = ^ + ^'(^)- by 
replacing the energy and momenta with the operators, p ihV and E —> ih^, we may 
derive the Klein-Gordon field by using the same replacements in the fully relativistic 
equation, E^ — p" — = 0, leading to the Klein-Gordon equation: 
( ^ - V 2 - m 2 ) o ( x )  = 0  ( A . 8 )  
where for convenience, we have adjusted our units by setting = c = 1. 
The Lagrangian for the Klein Gordon field is: 
£ = (A.9) 
Examining the Euler-Lagrange equations for the Klein-Gordon Lagrangian, we return 
to the Klein-Gordon equation: 
{d^d" - w?)<!> = 0 (A.IO) 
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where we have written the derivatives in fully covariajit notation to show that this 
equation is indeed relativisticaUy invariajit. The conjugate momentiim of the Klein 
Gordon field is: 
dL 
r r  =  ^ = o  ( A . l l )  
do 
So then, we caji write the Hamiltonicin for the Klein-Gordon Field: 
H = o- + (V6)2 + m^o- (A.12) 
Note that the Hamiltonian is not a relativistic invariant. Upon second quantization, the 
field is written as: 
ffl(l) = / (.i(k)£''- + at(k)e-''") (A.13) 
where = y/k^+rn^ is the energy of the particle. Here, a(k) destroys a particle of 
momentum k axid a^(k) creates a particle of momentum k. 
From the definition of o. we can find the second quantized version of the conjugate 
momentum: 
7r(x) = ^{x) = i f d^kxl— (a(k)e'^-^ - a^Ckje"'^-^) (.A..14) 
V "^k 
From the commutation relations for o ajid -, we can derive commutation relations for 
a and a^. 
[a(k),a(k')] = 0, [a^(k),a^(k')] = 0, [a^(k),a(k')] = 6{k - k') (A. 15) 
From here, we can define the groimd state, jO), as the state for which a(k)lO) = 0 
for all k. We can build up a set of orthonormal basis states, representing every possible 
combination of momenta. This is done by applying the creation operator for a particle 
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of momentum k, a^(k), to the ground state: 
|k) = a^(k)|0) (A.16) 
States with more than one particle may be defined by successively applying the creation 
operator. 
The quantization of the fields allow us to define constants of the motion, such as the 
Energy. H. and the momentum P in terms of the number operator N = a. 
H =  y +  ( V ® ) ^  +  ( A . 1 7 )  
= "•••['''(kWk) + j! (A.18) 
P = — y d^x oVo (.-1.19) 
= ^fcCkk{u<(k)a(k} + ^] (A.20) 
The second term in both of these constants is infinite, prompting us to remember that 
a consteint may be freely subtracted from the energy and momenta. Since the offending 
term, the in the equations above resulted from commuting the operators to arrive in 
the correct form, we define the normal order of the operators by writing them with all 
of the creation operators to the left of the destruction operators, and assuming that the 
commutators all vanish. 
N{aa^a) =: aa^a := a^aa (A.21) 
We then redefine the Hamiltonian and others as the normal ordering of its operators: 
H = J (Px ^ + (V<i)^ + m^(p^] : (A.22) 
= (A.23) 
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P = — y d^x : 6V6 : (A.24) 
= I k[a\kHk)] (A.25) 
Normal ordering will become important later as we derive observable quantities from 
the Hamiltoniaji. 
The Dirac Equation 
In order to describe fermions, we use the Dirac Equation. This equation was devel­
oped in an attempt to write down a relativistic first order equation. ~f°E — 7 • p = m. 
Squaxing both sides of this equation should recover the relativistic energy, E-—p~ = mr. 
It is easily seen that the 7's in this equation are not simple numbers, or even complex 
numbers. They must therefore be operators, and it is possible that they do not commute 
with each other. Taking care not to commute 7's, we square the Dirac equation: 
(70)2£;2 _ ^ ^ ^ ^ ^2 _ p2 
This equation immediately implies several relations between the 7's: 
(7^)2 = 1, {7°,7'} = 0, 7'7' = -<^'1 (A.27) 
Which can be summed up by assuming that the 7's form a Lorentz vector, and writing: 
{7».7''} = 2s'- (A.28) 
The simplest matrices which can represent the 7 operators are 4x4. 
We can now write down the Dirac equation: 
~ m\)tb{x) = 0 (.A..29) 
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Since we now must write the fields w as 1 x 4 matrices, we have a Hermitian conjugate 
to the Dirac equation: 
—ml) = 0 (A.30) 
where the backwards arrow over the derivative indicates that it acts to the left rather 
than to the right, as is traditional. From the fact that we require quantum mechanics to 
be Hermitian, we can find the Hermitian conjugate of to be (7'')^ = Defining 
li? = u.'^7°, we can write Eq(A.30) cis: 
du. +ml) = 0 (A.31) 
Both equations may be derived from the Dirac Lagrangiein: 
C = — m)ti; (A.32) 
Because the w's contain 4 elements, they easily represent both spin-1/2 particles and 
their anti-particles at the same time. 
Second Quantization proceeds by writing the fields in terms of creation and annihi­
lation operators: 
^(x) = {crik)urik)e-'^-'' + 4(k)t;,(k)e'^-*) (A.33) 
r 
In this equation, Cr(k) destroys a particle of momentTim k and spin r, (/J(k) creates 
an anti-particle momentimi k and spin r, and Ur(k) and Ur(k) are the spinors for the 
particle and anti-particle respectively. From this equation, we can derive 
=  E ( c t ( k ) u , ( k ) e ' ' ^ - ^  +  c i , ( k ) F , ( k ) e - ' ' ' - ' ' )  ( A . 3 4 )  
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Here, creates a particle, and d destroys an axiti-pajticle. 
.\s before, we can write relations between the creation and ajinihilation operators. For 
the case of fermions, however, we assume that they anti commute rather than commute: 
{4(k).c,(k'} = {<(k).^/,(k'} (A.35) 
All other combinations of the creation and destruction operators anti-commute. 
Again, we define the ground state, |0), such that Cr(k)|0) = </r(k)|0) = 0 for all k 
and r. Again, we can build particle states by applying the particle creation operator to 
the ground state, ]k. r) = cj!(k)|0). Similarly, we build anti-particle states by applying 
the anti-particle creation operator. <4(k). Since the combination c;(k)c|!(k) = 0. no 
two fermions with the same quantum numbers can exist, which leads immediately to 
Feri-Dirac statistics. Practically, the fermions aire somewhat localized, so what we really 
say is that no two fermions with the same quantxmi numbers can exist in the same 
region of space-time. Note that this arises from the anti-commuting property of the 
fermion operators. No such thing can be said about the bosons, which have commuting 
operators. 
-As in the case of the Klein Gordon equations, we define the normal order of the 
creation and destruction operators, but with a slight difference. Instead of using the 
commutation relations to put the operators in the proper order, for fermions, we must 
use the anti-commutation relations, which we then assume to vanish. This means that 
when we interchange two fermions, a negative sign appears. 
N{cc^c) =: cc^c := —c^cc (.A.36) 
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Interactions 
So far, we have written down Lagrangians which describe the propagation of particles 
through free space. However, we know that particles do not exist "in a vacuum", they 
interact with the other particles axoimd them. How then do we include these factors 
in the Lagrangians? Notice that the free Lagrangians only include two fields in each 
term. Since each field either creates or destroys a particle, we can view these two field 
Lagrangians as creating a particle at point .\ and destroying it at point B. What comes 
between these two points is the free field propagation of the particle. Suppose, however, 
that some term in the Lagrangian includes a third field. Then the Lagrangian may. for 
instance, create a particle at point and destroy particles at points B and C. Where 
did the additional particle come from? There must have been an interaction somewhere 
between these three points which created the additional particle. 
One of the most powerful tools we have for introducing interactions into our La­
grangians is the gauge principle. For example, it is noticed that the Dirac Lagrangian 
is invariant under a global phase transformation, ip w' = {tij w = 
the two exponents cancel out, leaving the Lagrangian exactly the same.) What if, in­
stead of a global 6'(1) transformation, we made a loccd phase transformation, where 
the exponent, a, depends upon the x variable? Then, instead of recovering the original 
Lagrangian, we are left with a total derivative as an additional piece. 
(-\.37) 
(A.38) 
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To return the Lagrangian to an invariant form, we recall that a gauge field is invariant 
when you add a total derivative. Therefore, we add a gauge field to the Lagrangian. 
When we perform the local pheise transformation, the total derivative piece that is left 
over is absorbed into the gauge field, thus leaving the Lagrangian invariant. 
In addition to the phase invariance described above, called the i7( 1) phase invaxiance. 
several other invariances, corresponding to new symmetries, can be studied. In particu­
lar, we have discovered an SU{2) symmetry describing th.e weak force of nuclear physics, 
and an SU{3) symmetry describing the strong nuclear interactions. Gauge invariance is 
an extremely powerful tool which has been essential in building our standard model of 
particle physics. 
The S Matrix Expansion 
To describe the interaction between the peirticles, we write the Schroedinger equation 
in the interaction picture: 
w^here H = HQ + Hi. Ho contains the free fields in the Hamiltonian, and Hi contains 
the interaction pieces. The time dependence of Hi is given by; 
C = + ieAf^) — m)ip (.•v.;39) 
(A.40) 
Hi{t) = (A.41) 
We now define the S matrix as connecting the states at f = — oo and t = oc. 
|$(oo)) = 5|$(-oo)) (A.42) 
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The probability that a system is in the final state [/) after an interaction is given by; 
|(/[$(oc))i^ = |(/15iz-)P = 15,.f (A.43) 
where we have defined ji) = ]$(—oo)). We can expand j$(oc)) about a complete set of 
states I/): 
!$(==)) = E l/)</|4(oc)> = E (A.44) 
/ / 
We must now solve the Schroedinger equation to find the final state l<5(oc)). Turning 
Eq(A.40) into an integral equation, with initial state |i) we find: 
i m )  =  1 0  -  ^  r  d t :  ( A . 4 5 )  
J—OC 
This equation caji be solved by iteration: 
|$(i)) =  K )  -  f r  dti +  ( - Z ) '  f  d t x  r  d t 2  H i i h ) H i { t 2 m t 2 ) )  (-\.46) J —CO J —oo •/— oc 
and so on, until we must evaluate an infinite number of integrations. However, if each 
successive integral is smaller than the one which precedes it, we caji cut this series off 
before it becomes too hard to calculate. This is known as the pertxirbative expansion. 
-A.t time f = oc we then write the S matrix as: 
^  r  r ^ ^2 •  •  •  T" dtr, H r { h ) H r { t 2 )  - • • HR{TR,)  (.4.47) 
^_Q J —OO J —oo J —oo 
= r r r (A.48) 
„_Q Tl .  V—OO J -OS J -co  
where we have defined the time ordered product T{} such that the Hamiltonians are 
ordered so that the ones occurring at earlier times axe to the right of those occurring at 
later times. We caji generalize this expansion to use the Hamiltoniaja densities: 
•? = H [ dxi f dx2-- - f dxn (.A..49) 
n=0 TL.  J  J  J  
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Now that we have an. expajision for the 5 matrix in terms of the Hamiltonian density, 
we need to find the element for a given initial and final state. Only certain terms in 
the expansion will contribute to S/i since it must contain creation operators to create 
the particles in |/) and destruction operators to destroy the particles in ji). It may 
also contain additional creation operators as long a^ there is a destruction operator to 
destroy the created particle. In other words, an intermediate, or virtual, particle may 
be created, as long as it is destroyed before we examine the final state. This process is 
much simpler if we don't have to write the intermediate states explicitly. This can be 
accomplished by noticing that, for io fi: 
The second term (0|T'{A(xo)5(xi)}|0) is called the contraction of A  and B .  and is zero 
unless one of the operators creates a particle which is destroyed by the other. G.C. Wick 
proved the generalization of this for an arbitrary number of operators. I wiU not write it 
down here, but essentially it boils down to taking the contraction of every possible set of 
operators which are not at equal time, followed by every possible set of two contractions, 
etc. 
Now. the string of Hamiltonian densities in the expansion of the S  matrix contains 
a series of normal ordered operators: 
Wick's theorem can be used with this ordering, as long as operators which occur at the 
same time are not contracted. 
T { A { x o } B { x i ) }  = :  A { x o ) B { x , )  :  +(0|T{.4(xo)5(xi)}10) (A.50) 
T { H i { x i  ) • • •  =  T { : A B . . . : , , - - - : A B . . .  J  (A.ol) 
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The Cross Section 
Now that we have a procedure to find Sji, we need to find the observables for the 
theory. It is convenient to define the matrix element M as: 
Note that 5/i is the probability amplitude of nothing happening. R.P. Fevuman noticed 
that there is a one to one correspondence between the matrix elements and a set of 
diagrams which can be used to represent the process pictorially, given a set of simple 
rules. Without going into great detail, we represent initial and final state fennions with a 
u{p) or u{p), anti-fermions with v{p) or v{p), and bosons with their polarization vectors, 
£^(g). For unobserved, internal lines, we include the appropriate propagator, and where 
three or more lines meet, we include the appropriate vertex factor. The propagator is 
just the Green's function for the free particle's equation of motion. The vertex factor 
can be deduced from the interaction piece of the Hamiltonian or Lagrangian, by talcing 
the explicit derivatives in the Hamiltonian, figuring all of the possible permutations of 
identical field and stripping off the fields. For example, when the interaction Hamiltonian. 
is written as: 
(.\.53) 
the Feynman rule for the e — e — 7 vertex is: 
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(A.54) 
Tliis realization greatly simplifies the process of writing down the matrix elements for a 
given theory. 
We can then write the probability of a transition from state i to state / in a volmne 
of space V as: 
d r  = (A-53) 
where is the sum (for final states) or average (for initial states) of for 
states which are not observed. For example, each spin state of the electron is a separate 
state, but if we are colliding unpolarized electron beams, then we must average over the 
unobserved spins of the incoming electrons. 
The cross section, da, for two particles, A and B, colliding in the rest frame of particle 
B, may be defined as: 
where the flux, written in the rest frame of particle B is written as VA .IV , where ua = 
y(Pa -VBY — is the velocity of particle A. We can then write the two 
particle cross section: 
_ (2-)M(''>(P/ - PA - Ps)T-n-T2 T 1  ( \  ^ 7 )  
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Note that all of the factors of V have disappeared. Also, this equation is explicitly 
Lorentz covariant, allowing us to boost it into any frame we desire. In particular, the 
form of the equation is exactly the same in the center of momentum frame of the A and 
B particles. 
The decay rate and the cross section will be our principle tools in comparing the 
results of the theory- with experiment. 
The Standard Model 
No thesis in particle physics would be complete without a description of the standard 
model. The standard model is our current "best" description of the the physical laws of 
the universe. One of the major components of the standard model are its three forces, 
the electromagnetic force, the weak nuclear force, and the strong nuclear force. The 
fourth known force, gravity, is not included in the standard model because, so far. it 
is not known how to write gravitation as a quantum theory. It is also the weakest of 
the forces, and is only a very minor perturbation to the other three forces. That is not 
to say that it is not important. The gravitational force will overwhelm all of the other 
forces at the Planck scale, and the laws of physics, as we know them, will break down 
at this scale. 
In addition to the forces, the standard model contains six quarks and six leptons. 
The quarks are, in order from lightest to heaviest: the up quark (u), the down quark (d). 
the strange quark (s), the charm quark (c), the bottom quark (6), and the top quark (t). 
From these quarks, the familiar protons and neutrons are built, along with such exotic 
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particles as A particles and kaons. The leptons are: the electron (e) and its neutrino 
(i/e). the muon {fx) and its neutrino and the tau (r) and its neutrino (i/r). The 
neutrinos are thought to be massless. 
There is a final particle, the Higgs boson which has not yet been discovered. The 
Higgs arises from the procedure used to insert mass into the standard model. The other 
particles were mostly inserted as they were discovered, although the existence of the 
charm and top quarks were inferred from certain symmetries existing in the standard 
model before they were discovered. 
The electromagnetic force is described by a theory known as quantum electrodynam­
ics or QED. QED is by far the most successful theory known to man. It is based on a 
phase invariance in the Dirac Lagrangian. The interaction piece of the Lagrangian 
is: 
where / represents every fermion, both quarks and leptons mentioned above, and Qj 
is the charge quantum number of the fermions. QED is especially useful as it is highly 
perturbative and it only contains a single gauge boson. For these and other reasons, 
many people like to use it as a simple theory with which they study the behavior of field 
theories in general. 
The strong nuclear force is described by quantum chromodynamics, or QCD. QCD is 
motivated by observing that quarks may come in three '^colors". If we write the quarks 
(A.58) 
/ 
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as a three element matrix. 
v;, = 
/ \ 
\ J 
(A.o9) 
where the r, 6, ajid g  indicate the color charges red. blue, ajid green, then there exists a 
local SU{S) phase invaxiance: 
v ;  q vj'^  = (.A..60) 
where the are the eight generators of the S U { Z )  gauge group. Again, the interaction 
comes about through the gauge principle, assimiing that the a^'s are a function of the 
position, and adding a field which transforms appropriately to keep the Lagrangian 
invariant. Of course, we wouldn't introduce such a symmetry if it weren't motivated by 
experimental considerations. Perhaps the best evidence for quarks coming three colors 
is given by the cross section e'''e~ qq. It is experimentally observed to be three 
time larger than it would be if the quarks were colorless. The factor of three is easily 
explained by the fact that, with color, there are three different types of quarks that can 
be produced, rather than just one if there was no color charge. 
This theory is extremely difficult to work with because it is not so highly perturbative 
as QED. Also there is an added complication that the gluon, the equivalent of the photon 
in QED, carries a color charge, and thus it can interact with itself. These lead to aU 
sorts of nastiness such as confinement and asymptotic freedom. Furthermore, the nature 
of confinement makes it impossible for a particle with a color charge, i.e. quarks eind 
gluons, to exist alone. They are always accompanied by other quarks and gluons so that 
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the total of their color charge is always colorless. 
The last of the fundamental forces, the weak nuclear force is motivated by the ex­
perimental observation of parity non-conservation in weak decays. This means that the 
weak nuclear force is not coupling in the same manner to different spins. We therefore 
assume a completely left handed coupling, and arrange the fermions with left handed 
spins in a doublet. This impUes an SU{'2) symmetry, which we dub isospin. Only the left 
handed fermions have an isospin charge, the right handed spin states are left in isospin 
singlets. Incidentally, since the right-handed neutrinos have zero mass, zero charge, zero 
isospin, and zero color, they do not interact with any of the forces in the standard model. 
Therefore, we simply aissTmie that such neutrinos do not exist. Even if they did, we could 
not detect them in any way. 
Now, we arrive at a problem. The bosons which make up the weak interaction are 
experimentally known to be massive, and yet gauge symmetry of the Lagrangian does 
not admit the possibility of their having mass. This problem is solved by the introductioa 
of a charged scalar isospin doublet: 
0  =  
0  \  +1^ 
03 +t04 
\  V 2  /  
(A.61) 
which has a scalar potential 
V(0)  =  + A(<PV)' (A.62) 
If we choose f j , ^  <  0 ,  this potential has the property that it is not minimized at = 0, 
but at 6^0 = = y. This minimum can be satisfied in a nimaber of ways by the fields 
in <p, so we choose a point, called the vacuum, aroimd which to expand the potential. 
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This expemsion is known as spontaneous symmetry breaking, since what appeared to be 
a symmetry of the Lagrangian is no longer symmetric after expanding about the vacuum. 
Examination of the Lagrangian after spontaneous symmetry breaking indicates that we 
are left with a massive scalar particle, known as the Higgs boson, and three massless 
scalar particles, known as Goldstone bosons. 
.A. slight detour is necessary here. Recall that I defined a massless C ' ( l )  symmetry 
above called QED. I am here going to define another 6'(1) symmetry, hypercharge. 
and an S17(2) symmetry for the weak force. These symmetries are represented in the 
covaxiant derivative: 
y 
(A.63) 
Where Y  is the hypercharge of the particle in the interaction, and r' are the three 
generators of the SU{2) symmetry. In their matrix representation, they are just the 
three Pauli spin matrices. Combining the Pauli spin matrices and the W bosons, we 
find that there are two charged bosons, W^, and a neutral boson, W^. The W- couple 
a state of isospin | to a corresponding state of isospin We have grouped the particles 
into a series of isospin doublets: 
( \ 
\ ^ / 
( \ 
u 
L  
/ N 
Vu. 
(  \  
c 
\ ^ / 
/ \ 
\ / 
/ \ 
t 
(.A..64) 
Now, the interaction between these forces and the other particles can be found by re­
placing the ordinary derivative in the Lagrangian by the covaxiant derivative: 
(.\.65) 
(.-^.66) 
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After perfonning the spontaneous symmetry breaking, we find a stirprise. The and B 
bosons have cheinged. forming two neutral bosons, which we will call the Z° and 7. The 
and bosons have gained a mass term, while the 7 has not. .A.lso, the Goldstone 
bosons from above have vanished. Thus, we say that the and Z bosons have "eaten" 
the Goldstone bosons and become massive. The remaining massless boson. 7, is just the 
photon of QED. This has the effect of unifying the weak nuclear and electromagnetic 
forces into a single theory, the electroweak theory. 
Yet another complication in electroweak theory is the fact that the weaic eigenstates. 
the states to which the weak vector bosons couple, are not the same as the physical 
mass eigenstates. This results in a mixing of states, e.g. the up quark may couple to the 
strange quark through the weak force, even though they are not in the same doublet. 
There is also an imaginary phase in the mixing matrix which results in CP violation. 
The Higgs mechanism can also be used to add mass to the fermions in the standard 
model. We merely add a term to the Lagrangian of the form: 
^int — 9u {ipiOxbRu + + 9d{-^L^Rd + ^Rd4>^^L) (.\.67) 
where XUL i s  the left handed doublet, is the right handed singlet of the up type 
fermions, and WRd is the right handed singlet of the down type fermions. .-Vfter sponta­
neous symmetry breaking, we are left with mass terms for each of the fermions, along 
with couplings of the fermions to the Higgs boson. This coupling strength is proportional 
to the mass of the fermion. 
By combining all of the above effects, we produce the standard model of high energy 
paxticle physics. The particles that make up the standard model, and their quantum 
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numbers axe shown in table A.l. 
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Table A.l The particles of the Standard model and their quantum nimibers 
Particle Mass Spin Electric Charge Weak Isospin Hypercharge Color 
eZ .511 MeV 1/2 -1 -1/2 -1 singlet 
.511 MeV 1/2 -1 0 -2 singlet 
0 MeV 1/2 0 +1/2 -1 singlet 
"L 7 MeV 1/2 2/3 +1/2 +1/3 triplet 
UR 7 MeV 1/2 2/3 0 +4/3 triplet 
D-L 15 MeV 1/2 -1/3 -1/2 +1/3 triplet 
DA 15 MeV 1/2 -1/3 0 -2/3 triplet 
F^L 105.6 MeV 1/2 -1 -1/2 -1 singlet 
Y-R 105.6 MeV 1/2 -1 0 -2 singlet 
0 MeV 1/2 0 +1/2 -1 singlet 
CL 1.3 GeV 1/2 2/3 +1/2 +1/3 triplet 
CR 1.3 GeV 1/2 2/3 0 +4/3 triplet 
SL 200 MeV 1/2 -1/3 -1/2 +1/3 triplet 
SR 200 MeV 1/2 -1/3 0 -2/3 triplet 
1.78 GeV 1/2 -1 -1/2 -1 singlet 
~R 1.78 GeV 1/2 -1 0 -2 singlet 
0 MeV 1/2 0 +1/2 -1 singlet 
TL 175 GeV 1/2 2/3 +1/2 +1/3 triplet 
TR 175 GeV 1/2 2/3 0 +4/3 triplet 
BL 4.2 GeV 1/2 -1/3 -1/2 +1/3 triplet 
BR 4.2 GeV 1/2 -1/3 0 -2/3 triplet 
1  0 MeV 1 0 0 0 singlet 
w+ 80.2 GeV 1 +1 +1 0 singlet 
w- 80.2 GeV 1 -1 -1 0 singlet 
91.2 GeV 1 0 0 0 singlet 
9a  0 MeV 1 0 0 0 octet 
> 91 GeV 0 0 -1/2 +1 singlet 
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APPENDIX B MONTE CARLO METHODS 
Basic Monte Carlo Theory 
A Monte Carlo technique is any technique that uses random numbers to solve a 
problem. The solution to a problem may be represented as a parameter of some popu­
lation. We then randomly generate the members of this population, and use statistics 
to maJce an estimate of the parameter we are studying. This estimate will be a function 
of the random numbers used to generate it. This procedure introduces properties into 
the solution which are sometimes quite good. 
Sometimes, the problem to be solved already involves random processes. Such is 
usually the case in particle physics, and the Monte Carlo used is just a straight forward 
simulation of the process. Other times, the problem does not involve random numbers, 
and we must be more careful in applying the Monte Carlo method to the problem. 
.All Monte Caxlo results axe formally equivalent to integrations. Since the Monte 
Carlo result depends on the random numbers (r,) chosen, F = F(ri, r2,..., r^), is an 
unbiased estimator of the integral: 
(B.l) 
as long as the random numbers are evenly distributed between 0 and 1. 
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A random nimoiber is a variable whose value cannot be predicted in advance. Even 
though the value of the variable cannot be predicted, its distribution, which gives the 
probability of finding a given value, may be well known. We define the probabihty 
density function as 
g { u ) d u  =  P [ u  <  u  <  u  d u \ .  (B.2) 
g { u )  gives the probability of finding the random nimiber, u', between u and u + du. It is 
normalized so that the integral oi g{u) over all u is I. We can also define the integrated 
distribution function: 
G { u )  =  f  g { x ) d x  (B.3) 
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G { u )  is a monotonicaUy non-decreasing function between 0 and 1. The expectation of 
some function f{u) is the average of the function, 
E { f )  = J f i u ) d G { u )  =  j f { u ) g { u ) d u .  (B.4) 
The variance of the function is the average of the squared deviation of the function from 
its mean. 
V ( / )  =  £ ( ( / -  E U ) f )  =  J U i u )  -  E ( f ) f d G ( u ) .  (B.5) 
The square root of the variance is called the standard deviation. 
Because the integration operator is linear, the expectation operator is also linear, 
E{cx •'r y) = cE{x)E{y). (B.6) 
However, the variance operator, being the result of two separate integrations is nonlinear, 
V { c x  +  y )  =  c ^ V i x )  +  V { y )  +  2 c E [ { y  -  E { y ) ) { x  -  E(x))]. (B.7) 
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The last term in this equation is called the covariance between x ajid y. If x and y are 
independent, then the covariance is zero. 
Suppose we choose n random numbers, u,-, evenly distributed between a and 6. and 
for each, random number calcidate the function For large n, the average of the 
functions /(u,) will converge to the expectation of the function /. 
as long as f { u )  is integrable. and is finite in the range a to 6. If n approaches infinity, 
the convergence becomes complete, and the right hand side equals the left hand side of 
equation B.8. This result is known ais the law of large numbers. 
In real calculations, we cannot taice an infinite number of random numbers, so we 
need to know what happens for finite values of n. The central limit theorem says that 
the sum of a laxge number of independent random numbers will be normedly (Gaus­
sian) distributed, no matter how the individual random number are distributed, if they 
have finite expectations and variances, and if enough random numbers are chosen. The 
Gaussian distribution is completely specified by its expectation and variance. Suppose 
we taice n independent random nimibers Ui with finite expectations e,- and variances u,-. 
Then the simi 5 = X} u,- wiU have expectation E{S) = aJid variance V'(5) = Y1 
because the expectation operator is linear, and the variance operator is linear if the 
random numbers are chosen independently. Since 5 is normally distributed, E{S) and 
V{S) are statements of probability for a given value of S. 
To sum up, we have derived several properties of the Monte Carlo method. The 
Monte Caxlo method involves replacing the integral f f{x)g{x)dx with the average of 
(B.S) 
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the functions of a series of random numbers, where the random numbers 
are distributed according to g { x ) .  If the variance of / is finite, then the Monte Carlo 
estimate of the integral of / converges to its true vaJue as n approaches infinity. The 
Monte Carlo estimate is normally distributed. The standard deviation of the Monte 
Caxlo estimate is yV{f)l^/n for all n. even though this is only interesting for large 
v a l u e s  o f  n .  I n  p a r t i c u l a r ,  w e  s a y  t h a t  t h e  M o n t e  C a r l o  m e t h o d  c o n v e r g e s  a s  I j y / n .  
Variance Reduction Techniques 
Why do we use Monte Carlo methods when numerical quadrature techniques con­
verge much more quickly? For example, integration using Simpson's rule converges as 
l/n"*. One simple answer is that numerical quadratures converge so quickly in only one 
dimension. Using numerical quadrature, integrals in d dimensions converge as the one 
dimensional convergence rate raised to the Ijd power, whereas Monte Carlo methods 
keep the same convergence rate. For example, in d dimensions, Simpson's rule converges 
as whereas the Monte Caxlo method stiU converges as l/y/n. There are also 
limits to the minimnm number of points where the function must be evaluated with 
numerical quadrature. These go like n > m'^ for numerical quadratures, where m is 
the minimum number of points for a one dimensional integral. Monte Carlos may be 
evaluated with an arbitrary number of points. 
Even so, we would like to increase the rate at which our Monte Carlo method con­
verges. The uncertainty in the result is given by ^V(f)/n, and we may reduce this 
either by increasing the number of points n, or by reducing the effective variance V'(/). 
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There axe several ways of reducing V i f ) .  
One of the easiest ways of increasing the convergence rate of the Monte Carlo method 
is by stratified sampling. Essentially, this amounts to choosing the random numbers more 
uniformly, which ought to reduce the variance because a large nimiber of points may 
have been chosen where the function / is large (or small). Because the integral we are 
approximating can be split into many different pieces, each integrating over a different 
piece of the phase space, we can similarly divide the Monte Carlo estimate into several 
pieces, and perform a weighted average of the individual pieces, where the weight is 
proportional to the phase space of the region divided by the number of points chosen 
within the region. If the regions and the number of points in each region are chosen 
carefully, there can be a dramatic reduction in the variance of the function. However, a 
poor choice may lead to an increase in the variance, so the function / must be known 
in advance. However, uniform stratification, where each region is chosen to be the same 
size, and the same nmnber of points are chosen in each region, never increases the 
variance, but may not reduce it by much either. 
Importance sampling reduces the variance by choosing a large number of points where 
the function is the largest, and compensating for this by making the function smaller. 
This works because the variance of a function is small if the function never deviates 
much from its mean. Importance sampling reweights the function so that it is more 
nearly constant. Mathematically, this corresponds to a change of integration variables, 
Points are then chosen according to G(a:) rather than uniformly. Each vaiue of G is then 
(B.9) 
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inverted to find x .  and the function f { x ) / g { x )  is evaluated. The relevant variance wiU 
then be V{f Ig), which wiU be small if / and g have nearly the same shape. There axe 
drawbacks to this procedure though. The function g{x) must be a probability distribu­
tion, analytically integrable, and its integral G(x) must be analvtically invertible. There 
are not majiy such functions. It is also unstable if the function g has regions where it is 
smaU, leading to a large value of f jg. 
Both of these methods require some knowledge of the function / before Monte Carlo 
sampling takes place. This can be partially overcome by the use of adaptive methods, in 
which an initial run leams about the function, and then the main run uses these restilts 
to perform its integration. 
Random, Pseudorandom and Quasirandom Numbers 
In order to actually work with Monte Carlo methods, we need to realize that a 
computer can not represent a random number. It is completely deterministic, and thus 
cannot generate a truly random number, which are completely unpredictable. .A. se­
quence of truly random numbers can only be generated by a random physical process, 
such as radioactive decay. Because computers are so fast these days, using a physical 
process to generate random numbers can be extremely diflacult, and can destroy the 
efficiency of a calctdation. 
Therefore, we turn to the nearest thing to random numbers, which are pseudorandom 
numbers. These are numbers which are generated from a mathematical formula, and 
which axe therefore completely deterministic, ajid not at all random. However, they are 
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supposed to be indistinguishable from truly random nrmabers. Then all of the results 
that we have derived above will be applicable. In theory, this is not generally possible, 
though in practice, it works well enough as long as the problem stays well away from 
the point where the generator breaks down. 
The most widely used pseudo random generator is given by r,- = ari_imod{m). For 
this generator, m is usually chosen to be 2'^ where d is the nxmiber of bits that the 
computer uses to represent and integer. This generator is chaxacterized by a period, the 
point at which the sequence of pseudorandom numbers begins to repeat itself, of length 
m/4. 
Quasirandom numbers give up any pretense of being r«mdom. This is motivated by 
the realization that we do not really need a truly random sequence of numbers, and it 
is not generally possible anyway. It is more meaningful to attempt to find a sequence 
which has the required properties to give a good result. 
One such quasirajidom generator produces a sequence of d dimensional vectors. 
Xij =• iSjmod{l). (B.IQ) 
where j runs from 1 to d. and Sj is the square root of the prime number. This 
produces a quasirandom sequence with very good properties for large enough n. In 
order to improve these properties for smail n, we use a shuffling technique, where each 
quasirandom number is put into a btiffer. When a new number is needed, it is pulled 
from a pseudorandom spot in the buffer, and the next quasirandom number takes its 
place. This prevents the points from being poorly distributed. 
Our Monte Carlo program directly simulates the high energy production process. In 
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addition to producing the cross section, it also produces a number of distributions, the 
cross section as a function of several of the parameters. It uses the quasi-random number 
generator described above, with an adaptive stratified sampling technique. 
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